A theory is presented to describe the propagation and structure of coherent cold-core (mesoscale) eddies on a sloping bottom including dynamical and thermodynamical interaction with the surrounding fluid. Based on parameter values suggested by oceanographic and rotating-tank experimental data, the evolution of the baroclinic eddy is modelled with nonlinear 'intermediate lengthscale ' geostrophic dynamics which is coupled to the surrounding fluid. The process of ventilation is modelled with a simple cross-interfacial mass flux parameterization. The surrounding fluid is governed by nonlinear quasi-geostrophic dynamics including eddy-induced vortextube compression. Assuming a relatively weak ventilation rate, a multiple-scale asymptotic theory is constructed to describe the propagation of an initially isolated or coherent baroclinic eddy. Throughout the evolution the eddy is assumed to be interacting strongly with the surrounding fluid. To leading order, the eddy and surrounding fluid satisfy the Stern isolation constraint. The magnitude of the Eulerian velocity field in the surrounding fluid above the eddy is shown to be larger than the swirl velocities in the eddy interior as suggested by experimental data. Also, to leading order, the along-shelf translation speed is given by the Nof formula. The process of ventilation is shown to induce a slowly decaying upslope translation in the propagating eddy, and acts to stimulate a weak slowly decaying topographic Rossby wave field in the surrounding fluid. The important features of the theory are illustrated with a simple example calculation.
Introduction
Interesting mesoscale oceanographic features that are found in the continental shelf regions of the world oceans are propagating bottom-trapped coherent cold domes or pools (e.g. It is thought that these oceanographic features may play a significant role in the mesoscale dynamics of benthic boundary layers on continental shelves and may provide a mechanism for along-shelf nutrient mixing etc. Similar bottom-trapped isolated eddies have also been reproduced experimentally in rotating tanks (e.g. Mory 1983; Mory, Stern & Griffiths 1987; Whitehead et al. 1989 ). As well, there have been some theoretical studies on the dynamics of cold-core eddies (e.g. Nof 1983 Nof , 1985 Mory 1985; Mory et al. 1987 ; see also Whitehead et al. 1990) .
However, these studies, notwithstanding their importance, have been mainly focused on determining the translation speed of the eddy or on determining the general integral constraints that these eddies must satisfy. There has as yet been no complete analysis on the detailed internal structure and interaction characteristics of these eddies with the surrounding fluid. The principal purpose of this paper is to present a unified asymptotic theory describing the propagation and structure of coherent cold-core domes on a sloping bottom and their (dynamical and thermodynamical) interaction with the surrounding fluid.
One important conclusion of the analysis presented by the Nof (1983) study was that, in the absence of any interaction of the eddy with the surrounding environment, the along-shelf propagation speed was given simply by g's*/ fo (hereafter called the Nof speed), where g', s* and fo are the reduced gravity, the constant topographic slope and the Coriolis parameter, respectively, and that the transverse or cross-shelf velocity was identically zero. Note that the Nof speed is independent of the detailed spatial structure of the eddy and depends only on the density difference between the eddy and the surrounding fluid, the bottom slope and the constant Coriolis parameter. The order of magnitude of the along-shelf speed predicted by the Nof formula is in qualitative agreement with the observations presented by Houghton et al. (1982) . Howevcr, thc data taken from the rotating-tank experiments described by Mory et al. (1987) did not completely agrcc with the Nof theory. The experiments clearly indicated that a non-negligible cross-shelf drift was present. Another interesting observation was that the azimuthal velocity field above the eddy in the surrounding water was appreciable and was probably larger in magnitude than the swirl velocity in the eddy interior. This last observation strongly suggests that it is important to include the dynamical response of the surrounding fluid in determining the evolution of an initially isolated cold-core eddy.
Mory et al. (1987) suggested various mechanisms which may account for the above discrepancies. The first proposal centred on the action of an induced wave drag on the dome due to the excitation of topographic vorticity waves generated by the baroclinic vortcx-tube compression associated with the passage of the cold dome through the surrounding fluid. Earlier work by Flierl (1984a) had shown how this drag could result in a mean meridional drift for surface trapped warm eddies on a pplane.
A second mechanism suggested by Mory et al. (1987) was that frictional forces between the eddy and the bottom (which in the experimental configuration may have been particularly important) could result in cross-shelf motion. Mory et al. (1987) were unable, however, to distinguish which of these two mechanisms was dynamically dominant in their experiment.
A third effect that may have dynamical importance, especially in the oceanographic context, is the process of ventilation between the cold eddy and the surrounding relatively warmer slope water. Ou & Houghton (1982) argued that this effect was of particular importance during the evolution of the cold dome observed on the Middle Atlantic Bight during 1979. Although the heating rate for the Middle Atlantic Bight cold eddy was a function of the distance the eddy travelled, Houghton et al. (1982) estimated that on average it was approximately between 0.5 "C and 2.0 "C per month. Based on a representative eddy temperature of about 4 "C a Newtonian heating timescale for the cold pool will be on the order of lo7 s or about 3 4 months. It is possible to show (see $3.2) that this (eddy to slope water) mass conversion timescale is comparable with the timescale of the topographic Rossby waves induced by the vortex-tube compression in the slope water associated with the propagating eddy. We may expect, therefore, that the heating processes documented by Houghton et al. (1982) and Ou & Houghton (1982) will lead to a non-steady z* 567 X* FIGURE I . Geometry of the two-layer model used in this paper.
dynamical interaction between the cold eddy and the relatively warmer slope water involving diabatic heating, vortex-tube compression and the radiation of topographic Rossby waves.
In this paper a theory is developed to describe the propagation of a coherent coldcore eddy on a linearly sloping bottom. The theory will incorporate both dynamical interactions of the eddy with the surrounding fluid and Ventilation processes. Based on ' synoptic ' parameter values suggested by the oceanographic and experimental data, the new model equations that we derive to study the above processes correspond to strongly interacting 'hybrid ' quasi-geostrophic, intermediatelengthscale geostrophic dynamics (see Charney & Flier1 1981) . Specifically, we argue that the dynamics of the surrounding slope water is essentially quasi-geostrophic but that the eddy dynamics while geostrophic is not quasi-geostrophic because eddy thickness changes are not small in comparison with the eddy-scale height itself. The above model is derived in a formal asymptotic expansion based on two-layer shallowwater theory assuming a small (appropriately scaled) shelf slope parameter.
The parameterization we adopt to describe the ventilation is the CI or crossinterfacial mass flux model of Dewar (1987 Dewar ( , 1988a . Physically, this parameterization models the ventilation process as a continuous conversion of cold eddy water into relatively warmer slope water and is convenient for the two-layer model considered here. There have been other ventilation parameterizations suggested. For example, Chapman & Nof (1988) have proposed a parameterization for continuously stratified eddy models based on potential vorticity conservation principles.
The nonlinear model equations (see (3.14) and (3.15)) contain two non-dimensional parameters : an 'interaction ' parameter (denoted p ) which physically measures the ratio of eddy-induced vortex-tube compression in the surrounding slope water to the background vorticity gradient associated with the shelf slope ; and a diabatic heating parameter (denoted /3) which measures the ratio of the timescale associated with the Nof translation speed to the ventilation timescale. In the absence of ventilation processes these equations admit an exact radially symmetric isolated-eddy slopewater solution which travels at the Nof speed and satisfies the Stern integral constraint (Mory 1985) . However, the presence of the diabatic ventilation terms leads to temporal evolution in the eddy height which in turn, it is shown, leads to a weak topographic wave field in the slope water and a wave-drag-induced upslope drift in the propagating eddy.
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The plan of the paper is as follows. In $2 the non-dimensional problem is formulated based on shallow-water theory and some preliminary remarks are made. In $ 3 the small-topographic-slope approximation is introduced and the ' quasigeostrophic, intermediate lengthscale geostrophic ' model is derived. In $4, the multiple-scale asymptotic theory is developed to describe the propagation and evolution of an initially isolated eddy due to the presence of ventilation processes and the subsequent emergence of the topographic wave field. In $ 5 , the various salient features of our theory are illustrated with a simple example which assumes that the eddy has a parabolic configuration. The paper is summarized and some concluding remarks are made in $6.
Problem formulation
The basic model we assume is an f-plane two-layer system (both layers are assumed hydrostatic, homogeneous and incompressible) with a linearly varying bottom slope (see figure 1) . Subscripts x*, y* and t* indicate partial differentiation, and V* = (a,,, aU*). The term -X * ( x * , y * , t * ) in (2.lb) models the slope-water mass gain associated with the conversion of cold eddy water into relatively warmer slope water as a result of the diabatic processes. We will comment more completely on this term below. The dimensional equations of motion describing the evolution of the cold-core eddy can be written in the form ( 2 . 2~)
where the notation convention is similar to that used in (2.1), and where p* is the dynamic pressure field in the eddy.
The diabatic heating of the cold pool is determined by the function X * ( x * , y*, t * ) in the eddy continuity equation (2.2b). Our parameterization for this term is based on the cross-interfacial (CI) model proposed by Dewar (1987 Dewar ( , 1988a for dynamically active warm rings given by (2.2c)
In this formulation ( 2 . 2~) is a simple Newtonian cooling/heating law which models the conversion of relatively colder eddy water to warmer slope water on a timescale determined by l/P*. The reader is referred to Dewar (1987 Dewar ( , 1988a for a complete account of the physical principles for the model ( 2 . 2~) . However, we point out here that this model implicitly assumes that the fluid must exist in either the cold-eddy density state or the relatively warmer slope-water density state. Accordingly, if the cold eddy is heated by the surrounding slope water an appropriate volume of eddy water is converted into slope water and, as a result, the effect of the warming will be to induce a mass loss in the cold eddy which is modelled by (2.2b, c). It is important to add, however, that other eddy diabatic heating/cooling parameterizations have been suggested (e.g. Chapman & , Nof 1988) .
The system of equations (2.1) and (2.2) is closed with the requirement that the dynamic pressure be continuous across the eddy-slope-water interface, i.e. where p l , p 2 and g' are the layer 1 and 2 densities, and the reduced gravity gf = ( p , -p l ) g / p , > 0 (stable stratification), respectively.
Further analysis is facilitated by reformulating the governing equations into nondimensional form. The non-dimensionalization scheme we adopt is motivated by (but is somewhat different from) the scalings used in Flierl (1984b). The nondimensional (unasterisked) variables are given by p* = p19?l*+p,g'(h*+s*y*), (2.3)
where L = (g'H)i/f, h, = h*(x* = y* = t* = 0) and S = h,/H. The horizontal lengthscale is the internal deformation radius and time has been scaled advectively based on the theoretical Nof translation speed. The scalings for u: and 1;1* are based on the assumption that changes in upper-layer relative vorticity are due to vortex compression with u: and q* in geostrophic balance. As we will see, the above scalings will imply that the upper-layer dynamics will be quasi-geostrophic under a smallslope-parameter assumption. The lower-layer dynamics will be primarily geostrophic. The scaling for p* is geostrophic and the scaling for u; is the Nof translation speed.
However, changes in the eddy thickness h(x, y , t ) will be as important as the horizontal divergence term V -u , in the continuity equation. Thus while momentum advection can be ignored for the eddy, the evolution of h(z, y, t ) is strongly coupled to u,. These scalings are similar to those presented in Whitehead et al. where /? = p*( fs)-l, and s = s*L/H. We will estimate the magnitudes of 6, s and ,
The following boundary conditions are imposed on the model. Suppose the projection of the intersection of the eddy with the sloping bottom on the plane z = 0 is given by $(x, y, t ) = 0. The kinematic condition, which physically expresses the fact that a fluid parcel on the deforming eddy boundary remains on the boundary, is given by q5,+u2-V$ = 0 on $(z,y,t) = 0. The eddy thickness must satisfy For the upper layer we will impose the additional constraint that 1"./ + 0 as r + co 'ahead' of the propagating eddy. As pointed out by Miles (1968) c = (c,, cy) is the translation velocity vector. In the absence of any diabatic processes, the eddy momentum and continuity equations can be written in the form
where V = (at, a<), respectively. The eddy boundary conditions (2.6) and (2.7) can be written in the respective forms, Note that i t follows from (3.3a) that $ is constant on # = 0, i.e. the eddy boundary forms a streamline in the co-moving frame of reference. Substituting (3.5) into (3.4) yields the relation
It follows, immediately, that the components of the translation velocity vector will be given by (3.7)
In the no interaction limit ( S + O ) , these expressions reduce exactly to the Nof formulae.
Approximation of small topographic slope
The modified Nof formulae (3.7) and (3.8) state that the interaction between the eddy and the surrounding fluid is O(&/s) in comparison with the leading-order (noninteraction) terms. I n this section we shall examine the small-slope asymptotic limit defined by wherc 0 < s < 1 and p = O(1). This limit will correspond to a strongly interacting eddy-slope water configuration in the sense that although 0 < s x S < 1 the fact that p = O ( 1 ) in (2.5e) will mean that the leading-order dynamics for the eddy height cannot be decoupled from the dynamics for the geostrophic pressure in the slope water (see (3.14)). Physically, this limit has a simple interpretation. The scaled topographic slope parameter s = s*L/H can be rearranged into the form s = (s*g'/f )/(g'H)i. Thus the parameter s can be interpreted as the ratio of the Nof speed t o the phase or group speed of the long baroclinic gravity wave solutions in the model. The limit s + O+ can be viewed as a low-bandpass filter which will effectively remove the long baroclinic gravity waves in the slope water and focus attention on the vorticity wave processes.
The heating rate of about 2 "C/month and a scale eddy temperature of 4 OC, it follows that p* x 2 x lo-' s-l. Based onf x lop4 s-l and s z 4 x lop2 it therefore follows that / 3 = p*( fs)-' x lo-'. Consequently, as a rough first approximation, we see that s x S and that heating processes, while relatively weak, are an order of magnitude larger than the ageostrophic terms in the eddy momentum balance.
Substitution of (3.9) into (2.5) yields the following set of equations for the eddy and surrounding slope-water problem : and the appropriate radiation condition. In (3.106) we have neglected those terms in (2.5b) which are O(yg'/g). The elimination of these terms will filter the long surface gravity waves out of the model. The location of the slope parameter s in (3.10) occurs in such a way that to O(s) the dynamics of the shelf water will be quasi-geostrophic. The location of the slope
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parameter s in ( 3 . l l a , b) implies that the interior eddy dynamics is essentially geostrophic but not quasi-geostrophic since changes in h are comparable with h itself. This is analogous to the 'intermediate lengthscale dynamics
We can exploit the fact that 0 < s 4 1 by constructing a straightforward asymptotic expansion of the form Substitution of this expansion into (3.10), (3.11) and (3.12) yields the 0 ( 1 ) problem The leading-order velocities and dynamic pressure in the eddy will be obtained from the auxiliary relations ( 3 . 1 5~) (3.15b) ( 3 . 1 5~)
and the eddy boundary conditions can be written in the form
where the Jacobian is given by J ( A , B ) = A X B Y -A y B x .
The problem posed by the set of equations (3.14) retains all of the physics associated with the Nof and Mory et al. theories. If we were to introduce (as we eventually will in a suitable form) co-moving coordinates 6 = x -c ,~ and g = ycut into (3.14) (with /3 = 0) and multiply (3.14b) by 6 and integrate over the eddy region R , the result would be the generalized Nof formula (3.7). Similarly, multiplying (3.146) by 6 and integrating over R would yield (3.8).
The model of Ou & Houghton (1982) for the along-shelf heating of the Middle Atlantic Cold Pool can be viewed as corresponding to (3.14b) with qo as a prescribed geostrophic pressure associated with a steady along-shelf current and the additional approximation hol 4 hoz. In Ou & Houghton's theory the slope water does not dynamically evolve and thus there is no analogue of ( 3 . 1 4~) in their model. The equations (3.14a, b) without the heating terms have also been derived in Whitehead et al. (1989) . Their analysis develops an integral constraint for isolated cold eddies and a lower bound for the eddy radius. Although no explicit analytical solutions are presented, a series of numerical experiments is described.
Earlier in this section we argued that, based on observed order of magnitude estimates for our scalings, the interaction parameter , u = O( 1). Consequently, (3.14)-(3.16) constitute a fully interacting coupled eddy-slope water model. We have not been able to find a general solution for these equations for arbitrary initial conditions. However, exact nonlinear solutions can be obtained for some special cases. For example, in the absence of any diabatic processes (i.e. /3 = 0) we can find exact radially symmetric non-radiating steadily travelling solutions (described in the next section).
4. Weak diabatic heating theory 4.1. Problem .formulation Although we have not been able to find a general solution to (3.14) and (3.16), it is possible to make further progress under a weak diabatic heating limit. In our discussion in $3.2 it was argued that the interaction parameter p = O(1) but that / 3 = O(l0-l). In this Section we shall develop a theory describing the dynamical evolution of an isolated eddy and slope-water configuration, which is initially balanced so that there is no fully developed 0 ( 1 ) wave field in the slope water for t z 0+, under the asymptotic limit 0 -4 s -4 / 3 -4 1. We shall show that the vortex-tube dynamics associated with the diabatic mass conversion will result in the generation of topographic Rossby waves in the slope water and an induced upslope motion in the propagating eddy.
Assuming the cold-core eddy is to leading order radially symmetric, it is natural to reformulate the governing equations in the co-moving polar coordinates r = (f;'+c)i and 0 = tan-'(</:/5), and the slow time T = Pt, where 6 and y are the comoving phase variables Note that the along-shelf and cross-shelf velocities given by -5, = cz( 7') and -Q = c,(T) respectively have both been formally scaled O( 1) on account of the assumption that p = 0 ( 1 ) in (3.7) and (3.8). As it turns out, however, the assumption that the leading-order eddy and slope-water configuration contains no wave field will imply that c, = O(P). We have also allowed the translation speeds to be time dependent on the slow timescale O(,&l) because of the presence of the diabatic heating terms.
It follows from (4.1) that derivatives in the governing equations will map according to (4.2a) (4.2b) (4.2 c )
As well, the boundary of the eddy will be written in the form #(z,y,t) = r-a(0, T) = 0.
Substitution of (4.2) and the assumed form for the eddy boundary into (3.14), (3.15) and (3.16) yields 
c,(T) = cl/O)(T)+/3cC'(T)+O(p2).
(4.7e)
As well, the eddy boundary conditions (4.5a, b ) will have to be Taylor expanded about r = a(')(T). Neglecting terms of O($) and higher, the approximate boundary conditions associated with (4.5a, b ) can be written in the respective forms
evaluated on r = a(')( T).
In the expansion for the along-shelf translation speed c,(T) given in (4.7d) we have implicitly assumed @(T) = 0. It turns out that if this term is retained in the asymptotic expansion it is possible to formally determine completely the O(p) solutions (in particular the exterior wave field) and satisfy all known solvability conditions associated with the O ( p ) equations with this parameter left unspecified. We have therefore chosen to set cF)(T) = 0. We hasten to add that it may be that cF)(T) is determined from solvability conditions associated with the O(p2) or higherorder problems. However, our inability to solve the O ( p ) equations for the eddy in closed form for even the simplest h(O) and fO) has not made this determination tractable. This is unfortunate because the experiments carried out by Mory et al. (1987) showed that the observed along-shelf translation speed of the eddy was much smaller than the Nof speed and we have not been able to reproduce this result for an eddy subjected to diabatic heating. where the constant of integration is zero because the cddy is isolated. Note that h(O)(r;T) is undetermined to this order except for the boundary condition ( 4 . 1 0~) .
The fact that h(O)(r, T ) is undetermined at this order is a difficulty which occurs in many models of isolated eddies (e.g. Killworth 1983; Nof 1983; Flierl 19843, among others). Flierl (1984b) chose to close the problem by specifying the potential vorticity distribution in the eddy interior which in turn would uniquely determine h(O)(r; T ) . Nof (1983) preferred to specify the interior eddy swirl velocity (i.e. the eddy azimuthal velocity in a frame of reference moving with the along-shelf Nof speed) and thereby determine the appropriate corresponding eddy height. Here, it will be more convenient to specify h(O)(r;O) and simply compute the other corresponding fields. Howevcr, because of our scaling, we can interpret the specification of h(O)(r; 0) as equivalent to a potential vorticity specification in the following sense. The potential vorticity associated with ( 2 . 5~) and (2.5d) may be written in the form P = [sg3-(V x u,) + l ] / h . Thus in the limit as s + 0 we have P x l / h o + O(s). Consequently in the small-slope limit adopted here, the specification of h, is equivalent to a specification of the leading-order potential vorticity. The constraint ( 4 . 1 3~) is the necessary and sufficient condition for the annihilation of the external topographic wave field (Flierl 1984a ) and can be physically interpreted as a zero-wave drag condition. It also follows from ( 4 . 1 3~) that the relative circulation in the upper layer is zero and that T~O ) ( U ( O ) ; T) = 0.
Given the leading-order eddy height h(O)(r; T ) , the isolated
The condition ( 4 . 1 3~) will imply that the allowed leading-order eddy radius can only take on a discrete set of values determined by the particular form for h(O)(r; T ) .
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The no radiation condition ( 4 . 1 3~) raises an intcresting issue concerning the characterization or determination of the class of functions h(O)(r; T ) that will allow ( 4 . 1 3~) to have non-trivial solutions (a(O) = 0 is always a solution). For example, if we take h(O)(r;O) = Jo(r) it immediately follows that only do) = 0 is allowed. We have been unable to determine general necessary and sufficient conditions on h(O)(r ; T) which will guarantee that non-trivial solutions for u(O) exist and this aspect of our theory remains problematic. The constraint (4.13 c) may be viewed as resulting from the fact that the leading-order time evolution is modelled solely as the result of quasisteady advection (see ( 4 . 2~) ) .
This assumption will remove the possibility of generating an O(1) wave field during the early adjustment period that would occur in a true initial-value problem. Accordingly, it is important t o emphasize again that the theory developed here is only valid for an appropriately adjusted or dynamically balanced initial eddy-slope water configuration which can satisfy the O( 1) zerowave-drag condition. We would also like to comment here that the eddy-slope-water solution configuration just obtained can be interpreted as corresponding t o a steadily travelling baroclinir monopole on a continental shelf.
The leading-order isolated eddy solution just constructed will satisfy the Stern integral constraint for isolated eddies (Mory 1983 (Mory , 1985 , which for our theory can be expressed in the form
r[?I(O)(r; T ) + h(O)(r; T ) ] dr = 0. (4.14)
This result follows immediately from (4.12) and the fact that q:')(a(O); T) = 0 as a consequence of (4.13).
Stern's integral constraint has an interesting consequence for the eddy swirl velocity (i.e. the eddy azimuthal velocity relative to the steady along-shelf Nof translation speed) distribution. It follows from ( 3 . 1 5~) that the leading-order eddy swirl velocity, denoted by vus(r; T ) , is given by Clearly the constraint (4.16) will imply that within the eddy there must be regions of cyclonic and anticyclonic circulation if there is to be any swirl velocity at all. At first this result may seem counter-intuitive because it is natural to think that the swirl velocity in a cold-core eddy would be strictly anticyclonic. But this conclusion rests on the assumption that the dynamic pressure in the eddy is relatively unaffected by the dynamical response of the surrounding slope water. However, the theory presented here suggests (see ( 3 . 1 5~) ) that the contribution t o the eddy dynamic pressure from the slope-water geostrophic pressure and the eddy thickness are comparable. Since yjP) < 0 where h p ) > 0 (i.e. flow above the eddy is cyclonic), i t can easily follow from ( 3 . 1 5~) that the eddy swirl velocity can take on positive as well as negative values. We shall illustrate these points with an example calculation in $ 5 .
The ,first-order perturbation equations
There are scvcral dynamical characteristics of the leading order solution that have yet to be determined and for which we will have to examine the O(/?) equations of motion. We shall be able to determine, based on relatively direct solvability conditions on the O(p) equations, the slow-time ventilation of the cold eddy as well as the leading-order cross-shelf translation velocity. Also, the O(p) exterior topographic wave field in the slope water can be determined.
The O(p) problem in the eddy region r < do) can be written in the form [cos ( 6 ) a,. where, again, the constant of integration has been set to zero because it is assumed that y(l) + 0 as r + co.
The leading-order response of the eddy to the diabatic heating is determined by (4.17b). Because of the orthogonality of the trigonometric functions and the periodicity that y(l) and h(') must have over the interval 0 < 6 < 2n, it follows from where h ( r ) corresponds to the initial radially symmetric eddy height profile.
Determination of the cross-shelf translation speed
Even for a very simple O(1) eddy height configuration (e.g. h'O)(r;O) given as a parabola; see 95), the O(p) eddy problem cannot be solved exactly and a numerical solution will be required. However, as it turns out, detailed knowledge of the structure of h(l)(r, 8; T) and y(l)(r, 8; T ) is not required in order to determine eithcr the leading-order cross-shelf translation speed or the complete structure of the exterior (i.e. r > do)) topographic wave field.
The simplest and most direct way to obtain cF)(T) is to work directly with 
assuming where necessary that the boundary integrals are zero. The homogcncous adjoint problem will therefore be given by It follows from (4.29) that c;)(T) > 0 since the numerator and denominator are both negative definite. This can be shown as follows. From (4.14) and the fact that hC0)(r; T) 2 0 for 0 < r < do) it will follow that the denominator in (4.29) is negative.
If (4.21) is substituted into ( 4 . 1 3~~) then it follows that q(O)(r; 5") will have the general form q(O)(r; T) = q(r) exp ( -T), where q(r) is a radially symmetric function that is determined in thc calculation of (4.13a). Substituting this form for v(O)(r; T ) into the numerator of (4.29) yields a term of the form aT[q* exp ( -2T)] where the constant q* > 0 and hence the numerator will also be negative. Thus the effect of Ventilation is to induce upslope motion in the propagating eddy. As the process of ventilation continues (4.29) implies that the magnitude of cross-shelf drift speed will decrease since the magnitude of q ( O ) decreases as T increases.
This qualitative result can be interpreted as a consequence of the conservation of potential vorticity in the upper layer. Equations (3.14a) and (3.14b) can be combined to state that to leading order in p the potential vorticity V 2 y + h + y is conserved following the geostrophic motion. Since the leading-order 'averaged ' geostrophic vorticity or circulation in the slope water above the eddy is identically zero, the effect of the diabatic heating (which implies h, < 0) can only be offset by a corresponding increase in the mean cross-shelf position of the cold-core eddy.
Determination of the exterior topographic wave Jield
The O(p) geostrophic pressure in the exterior region for the upper layer must satisfy (4.30) subject to the boundary condition The boundary condition (4.31 a ) , which follows directly from (4.18b), will ensure that the geostrophic pressure and normal mass flux in the slope water is continuous across the eddy boundary r = do).
The method of solution we use is a modification of the procedures developed by Miles ( The expression (4.36) implies that as the cold eddy is progressively ventilated the excited wave field will decrease in magnitude because cF)( T) + 0 as T + c o .
As it turns out, relatively few a, values need to be computed to be able to give a very accurate approximation to the infinite sums in 
An example calculation for a parabolic eddy
In this section we shall illustrate the theory that we have developed with an example where the leading-order eddy has a simple parabolic shape. Throughout this section we shall adopt constant parameter values of s = 5 x , u = 0.5 and p = 5 x 10-3.
The 0(1) eddy configuration is given by h(')(r; T) = exp ( -T) 11 -( r /~( ' ) )~] .
(5.1)
In figure 2 ( a ) we plot a cross-shelf section (along x = 0) of the total eddy height h(')(r;O)+sy versus y for -10 < y < 10.
Substitution of (5.1) into (4.13a) can be evaluated analytically to yield for the region r < a('). In figure 2 ( b ) we plot a cross-shelf section (along x = 0) of T(')(r; 0) versus y for -10 < y < 10.
As well, substitution of (5.1) into ( 4 . 1 3~) can be evaluated analytically to imply that the allowed set of eddy radii will satisfy J2(u(O)) = 0, (5.3a)
which, for convenience, we choosc to rewrite in the form -J z , n ,
-.
(5.3b)
where j2, , is the nth (non-zero) zero of J2(*). Throughout this section we take the 'ground-state' radius a(') = j2, z 5.136.
Substitution of (5.2) into (4.29) implies that the time-dependent cross-shelf translation speed is given by cF)(T) = 0.227 exp ( -T). We remark that the integral in the numerator of (4.29) was evaluated numerically.
The total leading-order pressure in the eddy (see ( 3 . 1 5~) ) is given by p(O)(r; 2') = y+y(+O)(r; 2') +h(O)(r; T)), (5.4) where the first term corresponds to the dynamic pressure associated with gravity and the sloping bottom, and the remaining terms are responsible for generating the swirl velocity (i.e. the leading-order eddy azimuthal velocity relative to the leading-order along-shelf translation speed) in the eddy interior (see (4.15)). For convenience we shall denote the last two terms on the right-hand side of (5.4) as the 'swirl pressure'. Recall that the Stern integral constraint (4.14) will imply that the swirl pressure in the has negative swirl pressure. The maximum swirl pressure is about 0.16 and occurs a t T z 3.83. The minimum swirl pressure is located at T = 0 and has a value of approximately -0.65. These values scale linearly with the magnitude of the interaction parameter p.
In figure 3 ( b ) we present a contour plot of the total leading-order eddy pressure field p(O)(r;O) as given by (5.4). Because the magnitude of the swirl pressure is relatively small in comparison with the 'bottom slope' pressure contribution, the resulting contours are roughly speaking parallel to the isobaths. For realistic values of the interaction parameter (i.e. p x 1) there are no closed pressure contours. Consequently, to a stationary observer watching the cold-core eddy propagate, the relative velocity field in the eddy interior will appear almost negligible. This property has been observed in some rotating-tank experiments (J. A. Whitehead, personal communication) . It is important to add, however, that the magnitude of the deflection in the pressure contours scales linearly with p.
In figures 4(a) and 4 ( b ) we present radial cross-sections of the leading-order swirl velocity and the azimuthal velocity in the upper layer, respectively, in the eddy region T < do) at t = 0. The eddy swirl velocity is given by Recall that i t followed from the Stern integral constraint (4.14) that the swirl velocity in the eddy must take on cyclonic and anticyclonic values. We can estimate the maximum slope-water azimuthal velocities from figure 4 (b). The azimuthal slope-water velocity is cyclonic over the eddy region and has a maximum non-dimensional value of about 0.8 near r = 2.0. From (2.4) the scale velocity in the slope water is SfL x 3.0 cm/s which implies that the maximum dimensional azimuthal velocity in the slope water is about 2.5 cm/s. Hence if we compare the swirl velocity in the eddy interior (recall that this is defined to be the azimuthal velocity in the eddy interior relative to the along-shelf motion) to the slope water azimuthal velocity we see that the velocities in the slope water are on the order of twice the eddy swirl velocities.
In figure 5 we present a contour plot of the complete leading-order geostrophic pressure in the upper layer including the topographic wave field in r > a(O) for T = on steadily travelling baroclinic eddies on a sloping bottom. Some of the properties of the oceanographic data, particularly the alongshelf translation speed, agreed with a theory proposed by Nof (1983) for these eddies. However, the data from the rotating-tank experiments did not seem to agree with the Nof theory.
Mory et al. (1987) suggested that frictional forces or dynamical interaction between the cold-core eddies and the surrounding slope water (neglected in the Nof theory) may be important. The possible importance of dynamical interactions is suggested by the Stern integral constraint (Mory 1983 (Mory , 1985 ; see (4.14)) which requires that the area-integrated geostrophic pressure in the slope-water balance the area-integrated buoyancy force in the cold dome if the eddy-slope-water configuration is to be isolated. If this balance does not hold, then there will be an excited topographic wave field behind the propagating eddy (see Flierl 1984a, b ) and a concomitant cross-shelf drift.
In the oceanographic context, other processes are also important. For example, the process of ventilation between the cold eddy and the relatively warmer slope water was of importance during the evolution of the cold dome described by Houghton et al. (1982) and Ou & Houghton (1982) .
The new model equations (see (3.14) and (3.15)) developed in this paper to study the dynamical and ventilatory interactions between a cold-core eddy and the surrounding ocean on a sloping bottom corresponded to strongly interacting 'hybrid ' quasi-geostrophic, intermediate-lengthscale geostrophic dynamics (see Charney & Flierl 1981) . Based on parameter values suggested by the oceanographic data, the dynamics of the surrounding slope water is a quasi-geostrophic with relative vorticity induced by the vortex-tube compression associated with the passage of the ventilating cold-core eddy. Thc eddy dynamics is geostrophic but is not quasigeostrophic because eddy height changes are not small in relation to the scale height of the eddy (see figure 1) . The model equations were derived in a formal asymptotic expansion based on the shallow-water equations for a two-layer fluid assuming a small (appropriately scaled) shelf slope parameter.
Because of the discrete stratification used in our model, the parameterization we adopted to describe the process of ventilation is the simple CI or cross-interfacial mass flux model of Dewar (1987 Dewar ( , 1988a . This parameterization models the ventilation process as a continuous convcrsion of cold eddy water into relatively warmer slope water. The model equations were solved using a multiple-scale asymptotic analysis valid in the limit of a relatively weak ventilation rate (but O(1) dynamical interaction between the eddy and surrounding fluid) assuming an initially radially symmetric isolated eddy and slope-water configuration. The leading-order solution corresponds to a solitary baroclinic monopole configuration (see figure 2a, 6 ) which propagates a t the Nof speed and which satisfies the Stern integral constraint. For the simple parabolic eddy shape examined in $5, the swirl velocity in the eddy is about 30 YO of the Nof translation speed and about 50% of the Eulcrian azimuthal velocity computcd in the upper layer above the eddy. Consequently, to an external observer, the co-moving velocity field in the eddy would appear relatively quiescent in comparison to the slope-water vclocity field above the eddy.
We are able to obtain an exact description of the induced topographic wave field behind the eddy (see figure 5 ) and to compute the associated cross-shelf translation velocity (see (4.29)). We find that thc cross-shelf translation is positive (i. is restricted to long wavelengths and only contains a single layer. It is not difficult to show that (in the absence of diabatic processes) our two-layer model equations (3.14) and (3.15) admit exact along-shelf gravity current solutions. The stratification characteristics of these gravity currents will resemble a cold-core coupled density front on a sloping bottom. Swaters (1991) presents a detailed baroclinic instability analysis of these gravity current solutions.
Another interesting problem is the effect of bottom friction on the propagation characteristics of the isolated-cold-eddy solutions examined in this paper. Mory et al. ( 1987) suggested that frictional spin-down may be important in the dynamics, particularly in the rotating-tank simulations. It turns out that if one includes a simple Rayleigh damping term in the non-dimensional eddy momentum equations ( 2 . 5~) with an 0(1) dissipation coefficient, and subsequently examines a weak dissipation limit similar to the weak Ventilation limit examined here (for the appropriately modifed (3.14), (3.15) and (3.16)), i t can be shown that hcO)(r; T) must satisfy a fully nonlinear parabolic equation and that the along-shelf translation speed is smaller than the Nof speed. We are currently examining this problem and hope to be able to report on this in the future.
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